H
uman activity now fixes more atmospheric N 2 into reactive forms (Panel 1) than all terrestrial natural processes combined (Galloway et al. 1995; Vitousek et al. 1997) . The resulting environmental effects are widespread and increasingly well-documented (Vitousek et al. 1997) , but there are also diverse consequences for human health (Wolfe and Patz 2002) . Some of these are well recognized, such as the benefits of increased food production and the risks of air pollution, but the full scope of connections between a changing N cycle and human health is not yet widely appreciated. As with ecological responses to changing N, the health effects range from well-documented to largely theoretical. Human changes in response to the N cycle also clearly have both negative and positive implications for health.
We suggest the net public health consequences of a changing N cycle are largely positive at lower levels, but they eventually peak and then become increasingly negative as our creation and use of fixed N continues to climb (Figure 1 ). Since quantitative data on many of the links between a changing N cycle and human health are still very sparse, we present this model as a conceptual framework; substantial additional data are needed to rigorously evaluate this hypothesis. This conceptual model is similar to the "N saturation" model of ecosystem responses to rising N inputs (Aber et al. 1989; Ågren and Bosatta 1998) , and suggests that the initial rise in health benefits associated with human N fixation occurs for both agricultural and industrial pathways. For example, in developing countries, low to moderate increases in fertilizer use will improve food availability and overall nutrition, with only minor elevated losses of reactive N to the environment. In addition, although lower levels of fossil fuel combustion still contribute to the greenhouse gas burden, they do not lead to severe air pollution, and moderate development of industrial and transportation systems in poorer, rural nations tends to improve public health (Berry 1992) .
However, as both agricultural and industrial activities intensify, N losses to the environment have a range of both direct and indirect feedbacks to human ailments. Moreover, many crops harvested from intensively fertilized regions become animal feed, leading to a further cascade of N losses to the environment, the dangers of an unbalanced diet, even in wealthy nations, and disparities in world food distribution. Thus, the health benefits of increasing N probably saturate, while the negative consequences increase and become more varied.
Fertilizer, food production, and nutrition
Much of the world's agriculture is limited by N, and its use as a fertilizer has expanded so dramatically that this now represents the single largest alteration of the N REVIEWS REVIEWS REVIEWS 
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In a nutshell:
• Human usage of reactive nitrogen affects human health in both positive and negative ways • The health benefits probably saturate as rates of reactive N creation and use climb, whereas the negative consequences increase and diversify • The negative health consequences of increasing N are both direct (eg air and water pollution) and indirect (eg ecological feedbacks to disease) • Reductions in both the environmental and health problems associated with a changing nitrogen cycle are possible cycle. The rate of change is remarkable: half of all the inorganic N ever used on the planet was applied in the past 15 years (Howarth et al. 2002) . In poor nations with substantial hunger problems, increased N fertilizer use can considerably reduce malnutrition (Sanchez 2002) . Indeed, inorganic fertilizers -an essential component of the green revolution -have led to a tremendous increase in world food production since the 1960s. Consequently, despite large population increases over the same time period, starvation and malnutrition have declined in many regions, particularly Asia (Smil 2000) . This clearly represents an enormous health benefit from N. Moreover, beyond the obvious benefits of decreasing hunger and malnutrition, a healthy diet plays a major role in a person's ability to mount an efficient immune response against parasitic and infectious diseases (Beisel 1982; Nesheim 1993) . Thus, as shown in Figure 1 , increased N fertilizer use in impoverished nations can produce considerable public health benefits. The worldwide distribution of food is far from optimal, however. Malnutrition and hunger are still widespread in some regions, but these are now caused primarily by inequitable food distribution, rather than inadequate production per se (Smil 2000) . In addition, the benefits of improved diets in some developing countries are countered by the rich, often unbalanced diets that are increasingly common in many of the world's wealthier nations (Zimmet et al. 2001) .
One reason for suboptimal diets at both ends of the economic spectrum is that much of the world's grain production is used for animal feed or for commercial and industrial uses. In the US, over half of the grain produced is fed to animals, and far more corn is used for commercial sweeteners than for direct human consumption (Howarth et al. 2002) . Feed crops such as corn are fertilized at high levels, so increased meat production and consumption has been a significant driver behind rising N fertilizer use. Per capita meat consumption has doubled in the developing world since 1960, and has also grown exponentially in the US, largely as a result of increased poultry consumption (Howarth et al. 2002) .
There are strong arguments that meat proteins may be an important part of human diets (Smil 1997) . However, high consumption of meat and some commercial grain products such as corn sweeteners can be linked to a range of health problems that are common in developed countries, including heart disease and diabetes (Hu and Willett 2002; van Dam et al. 2002; Weisburger 2002) . In addition, the environmental and health consequences of meat production and consumption vary with the way in which animals are raised. Beef, pork, chicken, and turkey are all increasingly produced in concentrated animal feeding operations (CAFOs), where the animals are fed intensely fertilized grain products (Mallin 2000) . CAFOs lead to a cascade of environmental problems that can also have human health implications (Mallin 2000) , and some evidence suggests that meat from CAFO-raised animals is less healthy than meat from animals raised in more traditional ways (Cordain et al. 2002) . The widespread and growing use of CAFOs in meat production would not be possible without relatively cheap and abundant N fertilizer.
Finally, the environmental consequences of increases in reactive N can have negative effects on food supply. For example, N-fueled eutrophication of marine coastal waters contributes to harmful algal blooms and fish kills (Burkholder 1998) , as well as causing dead zones and reef degradation that can harm shellfish and fisheries (NRC 2000) . On land, high levels of tropospheric ozone (O 3 ), driven by excess atmospheric N oxides, may cause billions of dollars in crop damage (Chameides et al. 1994) . Modern, N-intensive agriculture can also reduce soil fertility through acidification, promote "weedy" species invasions, and elevate the risk of agricultural pests and diseases (Matson et al. 1997) .
Direct health effects of changing N
Human-driven increases in reactive N in the environment have some clear and direct consequences for human health. By direct, we mean health effects due to the ingestion of N-containing compounds in air or water, or compounds and particulates produced because of excess reactive N in those reservoirs. Such effects fall into two major classes: air pollution and drinking water nitrate.
Air pollution
Air pollution is a widely recognized public health issue,
Panel 1. Reactive nitrogen
The bulk of the atmosphere is N 2 gas, yet this form of nitrogen is not available to most of earth's biota.Thus, the rate at which N 2 is "fixed" into biologically available forms is vital in determining the structure and function of terrestrial, freshwater and marine ecosystems (Delwiche 1970; Vitousek and Howarth 1991) . Humans are dramatically changing the rate of N 2 fixation, largely via fertilizer production, fossil fuel combustion, and widespread cultivation of N 2 -fixing crop species (Galloway et al. 1995; Vitousek et al. 1997) .These activities lead to an increase in multiple forms of N that are available to the biota, can move readily among terrestrial, aquatic and atmospheric realms, and that can alter the chemistry and/or radiative balance of the atmosphere. Galloway et al. (1995) labeled this diverse pool of N as "reactive N", and defined the term to include all biologically, radiatively, and/or photochemically active forms of the element. Examples include, but are not limited to: NO 3 -and NH 4 + , the predominant forms of N taken up by organisms, NO x and NH 3 , which are chemically important in the troposphere, and N 2 O, which is an important greenhouse gas in the troposphere and can catalyze ozone destruction in the stratosphere. See Galloway et al. (1995) , Vitousek et al. (1997) and Galloway and Cowling (2002) for additional details on the forms and consequences of increasing reactive N in the environment.
and a changing N cycle plays an important role in several ways. First, elevated emissions of nitrogen oxides (NO x ) from fossil fuel combustion, biomass burning, and fertilizer use all contribute to high atmospheric levels, especially in urban areas. High NO x leads to the production of tropospheric O 3 (Chameides et al. 1994) , and reactive airways disease (RAD), coughs, and asthma can be initiated and exacerbated by O 3 exposure. Ozone also induces respiratory tract inflammation, leads to short-term reductions in lung function, and aggravates chronic respiratory disease (von Mutius 2000) . Children who exercise in environments high in O 3 are 40% more likely to develop asthma (McConnell et al. 2002) , and asthma rates are increasing in many parts of the world, despite advances in treatment (Beasley et al. 1998) .
In addition, urban levels of NO x can lengthen and worsen common viral infections such as human rhinovirus, significantly elevating the risks to asthmatics and individuals with compromised immune systems (Spannhake et al. 2002) . High indoor NO 2 levels can also induce a variety of respiratory illnesses, and in the developing world, indoor air pollution may account for nearly 2 million deaths per year (Wolfe and Patz 2002) . The relative importance of N-containing species in this disease burden is not well quantified, but could potentially be substantial (Wolfe and Patz 2002) .
Second, multiple studies have shown positive correla-tions between fine particulate air pollution and cardiovascular diseases, respiratory diseases, asthma, reduced lung function, and overall mortality (Pope et al. 2002) . Not all fine particulates are products of a changing N cycle, and the relative contribution of reactive atmospheric N to overall particulate loads varies considerably between population centers (Malm et al. 2000) . Nonetheless, reactive N is clearly an important driver of particulate air pollution worldwide, and can be the dominant one in some regions. For example, ammonium and nitrate containing particulates constitute as much as 65% of the total atmospheric load in southern California (Malm et al. 2000) . Third, human allergic response to pollen is a pervasive environmental health issue. Millions suffer from hay fever, allergenic rhinitis, and allergenic asthma each year, following exposure and sensitization to pollen (NIH 1993) . Pollen counts are rising, probably for many reasons, including climatic change, disturbance-driven changes in species composition, and elevated atmospheric CO 2 (Wayne et al. 2002) , but increasing N availability can also stimulate greater pollen production (Lau et al. 1995) . The effects of N on pollen are likely to vary with species, but it is noteworthy that N additions to ragweed, a widespread producer of allergenic pollen, caused dramatic increases in pollen production (Figure 2 ).
Drinking water nitrate
The World Heath Organization has adopted a 10 ppm nitrate-N maximum standard for safe drinking water, but worldwide this standard is often exceeded. Groundwater nitrate contamination associated with fertilizer use is common in both developed and developing regions (Oenema et al. 1998; Agrawal et al. 1999) . Even in the US, where the Safe Drinking Water Act regulates this standard, regional studies suggest that 10-20% of groundwater sources may exceed 10 ppm (Figure 3 ). Severe instances of groundwater contamination are often associated with livestock production in CAFOs, particularly swine and poultry (Mallin 2000) . Groundwater contamination by nitrate may be a particularly serious problem due to its poor reversibility (van Lanen and Dijksma 1999) .
The potential health effects of high nitrate levels are diverse, including reproductive problems (Kramer et al. 1996) , methemoglobinemia, and cancer. Infants are especially at risk for methemoglobinemia ("blue-baby" syndrome), and while little conclusive evidence exists for this
Figure 1. Conceptual model of the overall net public health effects of increasing human fixation and use of atmospheric N 2 . As human N 2 fixation and use rises, the positive effects of N on crop growth, food production, and overall nutrition peak (and potentially begin to decrease). A similar pattern appears in the public health benefits of increasing fossil fuel use associated with better city infrastructure and transportation. In contrast, rising N inputs create exponential increases in losses of N to air and water, deposition to natural ecosystems, and potential feedbacks between rising N availability and the ecological dynamics of environmentally-harbored diseases.
Effects on public health
Human N fixation and use
Net public health benefit
Crop yields, nutrition, health benefits of fossil fuels Air and water pollution, ecological feedbacks to disease disorder occurring where levels are below 10 ppm, higher values found throughout the world can significantly elevate the risk (Gupta et al. 2000) . Some health professionals also believe that methemoglobinemia may often be under-or misdiagnosed (Johnson and Kross 1990) .
Recent evidence suggests that nitrate levels even below the WHO standard may stimulate endogenous formation of N-nitrosoamines (van Mannen et al. 1996) , compounds strongly implicated in cancer risks. Non-Hodgkin's lymphoma (NHL) has increased dramatically in the US, even discounting AIDS associations, and long-term consumption of water with nitrate-N concentrations of 6.3 ppm and above has been linked to a higher risk for NHL (Ward et al. 1996) . In Iowa, rising nitrate levels well below the 10 ppm standard were associated with an increased risk of bladder and ovarian cancers (Weyer et al. 2001) .
Indirect ecological feedbacks to health
Nitrogen limitation of primary production is widespread in terrestrial and marine ecosystems, as well as in some freshwater ecosystems (Vitousek and Howarth 1991) . Human additions of N to the environment can therefore drive a remarkable range of ecological changes (Vitousek et al. 1997) , which almost certainly include the dynamics of some human diseases. For example, many infectious diseases are controlled by vector hosts, and mosquito-borne malaria alone accounts for more than a million deaths every year (WHO 2001) . Some evidence now suggests that the abundance and distribution of several important vectors, including the mosquito hosts of malaria and West Nile virus, may be affected by changes in N availability.
For example, several studies have shown a positive correlation between concentrations of inorganic N in surface water and larval abundance for malarial Anopheles sp mosquitoes (Rejmankova et al. 1991; Teng et al. 1998) , as well as for Culex sp and Aedes sp, carriers of La Crosse encephalitis, Japanese encephalitis, and West Nile virus (Walker et al. 1991; Toth and Melton 2000; Sunish and Reuben 2001) . Positive associations between indices of algal productivity and larval abundance have also been found for Anopheles in both Latin America and Africa (Rejmankova et al. 1991 , Gimnig et al. 2001 ). However, not all such associations are positive (Gimnig et al. 2001) , and concurrent increases in mosquitoes and eutrophic conditions are probably species, site, and season specific. In general, as with many ecological responses to changing N, the dynamics of a given disease vector are likely to be complex, driven not only by the organism's direct response, but also by those of its food sources, and of the parasitic (Comiskey et al. 1999) and predatory species that affect its abundance.
One clear and widespread effect of an accelerated N cycle is the eutrophication of coastal and marine eco-systems (NRC 2000) , an ecological change which may also affect human health. For example, the worldwide increase in harmful algal blooms (HABs) has been linked to anthropogenic nutrient loading (Burkholder 1998; NRC 2000) . HABs can include neurological, amnesic, paralytic, and/or diarrheic shellfish poisoning, 
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Total pollen production per plant www.frontiersinecology.org © The Ecological Society of America as well as toxins produced by various cyanobacteria, and by the estuarine dinoflagellates Pfiesteria piscicida and P shumwayii (Burkholder 1998) . HABs can also indirectly affect humans by disrupting ecosystems and sources of nutrition (NRC 2000) . Increased N can also increase the availability of other key nutrients, changes that can, in turn, facilitate blooms of many species of harmful algae (NRC 2000) . Finally, the bacterium Vibrio cholerae is associated with a wide range of marine life, and cholera outbreaks have long been associated with coastal algal blooms (Colwell and Huq 2001; Cottingham et al. 2003) . Some evidence suggests that rapid growth of V cholerae can accompany that of marine algae in eutrophic conditions, and high nutrient conditions favoring algal growth have been implicated in recent cholera outbreaks (Epstein 1993; Colwell and Huq 2001) .
The study of links between ecological changes due to environmental N enrichment and the dynamics of human diseases is a relatively new field, yet the results listed above suggest a range of direct and indirect relationships. The combination of theory with recent data on general ecosystem responses can help frame some testable hypotheses. For example, evidence suggests that increasing N availability often causes overall declines in species diversity (Tilman 1987; Aerts and Berendse 1988) . We are aware of no studies demonstrating that lowered diversity due to increasing N causes a subsequent change in disease dynamics, but theoretical results suggest that reductions in diversity from other drivers can increase the transmission of vector-borne diseases (Ostfeld and Keesing 2000) .
In general, we hypothesize that increasing nutrient availability may often favor opportunistic, disease-causing organisms. More broadly, as shown by the examples above, increases in N availability can clearly lead to a cascade of ecological responses at multiple levels. Such responses, in turn, are likely to cause varied and complex changes in the epidemiology of human diseases that depend on the life histories of disease-causing organisms and their vectors, the structure and composition of food webs controlling their abundance, and the overall sensitivity to N shown by the ecosystems in which they reside.
Conclusions
Many health implications of a changing global N cycle, especially those arising via complex ecological feedbacks, require substantial additional research. Nonetheless, it is clear that current patterns in human N 2 fixation and use have consequences for human health well beyond the widely recognized benefits of increasing food production. Moreover, the greatest net benefits are found at low to moderate levels of N use, and continued environmental N enrichment will greatly amplify the health costs (Figure 1 ). Anthropogenic N 2 fixation continues to increase exponentially (Galloway and Cowling 2002) , and if left unchecked, both well-understood health risks such as air pollution, as well as potential problems arising from the ecology of disease, are also likely to increase sharply in the coming decades.
Finally, we wish to stress that while changes in the N cycle and their effects are alarmingly rapid, considerable reductions in N fixation and use are possible without substantial social or economic costs (Matson et al. 1998; Melillo and Cowling 2002; Moomaw 2002; Oenema and Pietrzak 2002) . One simple example is detailed by Howarth et al. (2002) , who show that if the average American were to switch to a diet more typical of some European regions, future US fertilizer use could decline substantially (Figure 4) . The prospect of switching to the "Mediterranean diet" is particularly intriguing, not only because it would greatly lower N pollution, as a result of lowered meat consumption, but also because this diet is healthier than today's average American diet (Curtis and O'Keefe 2002). Thus, the potential clearly exists for maximizing the health benefits of some human alteration to the N cycle, while also greatly reducing both the environmental and health costs. 
